ABSTRACT: This first part of a series of papers on the thermo-mechanical responses of fiber-reinforced composites at elevated temperatures reports the experimental results required as input data in order to validate the kinetic, heat transfer, and thermo-mechanical models being developed and to be discussed in subsequent papers. Here the experimental techniques used for the determination of physical, thermal, and mechanical properties and their significance for particular models are discussed. The fire retardant system used to improve the fire performance of glass fiber-reinforced epoxy composites is a combination of a cellulosic charring agent and an interactive intumescent, melamine phosphate. Thermogravimetry is used to obtain kinetic parameters and to evaluate the temperature-dependent physical properties such as density, thermal conductivity, and specific heat capacity, determined using other techniques. During flammability evaluation under a cone calorimeter at 50 kW/m 2 heat flux, thermocouples are used to measure temperatures through the thicknesses of samples. To investigate their thermo-mechanical behavior, the composites are exposed to different heating environments and their residual flexural modulus after cooling to ambient temperatures determined. At a low heating rate of 10 C/min and convective conditions, there was a minimal effect of fire retardant additives on mechanical property retention, indicating that fire retardants have no effect on the glass transition temperature of the resin. On the other hand, the fireretarded coupons exposed to a radiant heat from cone calorimeter, where the heating rate is about 200 C/min, showed 60% retention of flexural modulus after a 40-s exposure, compared to 20% retention observed for the control sample after cooling specimens to ambient temperatures.
INTRODUCTION E
POXY RESIN MATRIX fiber-reinforced composites are favored in load-bearing structures such as aircrafts, ships, buildings, and automotives relative to conventional monolithic materials such as metals and wood, due to their superior mechanical and chemical properties and their high strength-to-weight ratios [1] . However, because of their chemical structure, epoxy resin matrices are susceptible to heat or fire damage releasing vast amounts of toxic gases and smoke [2, 3] . Since the resin matrix is responsible for holding the reinforcement fibers together, its decomposition when a composite is subjected to a thermal shock may lead to crack propagation and delamination which adversely affect the structural integrity of the composite [4, 5] . In order to slow down resin decomposition, fire retardant additives known to promote char formation such as phosphorous-and nitrogen-based intumescents and char promoting agents are usually employed [1] . One such additive system developed in our laboratories involves the combination of flame retardant cellulosic fibers in pulverized form and phosphatebased intumescent chemicals [612] . These flame retardant additives interact with the resin during thermal decomposition to form a complex char network, which may act as a physical and thermal barrier slowing down mass and heat transfer to the pyrolysis zone, respectively [913] . The char thus formed is structurally more sound when compared to that recovered, if any, when control samples containing just glass fibers and the resins are completely fire damaged.
This study is part of a larger project wherein kinetic, heat transfer, and macro-mechanical models are being developed in order to simulate the thermo-mechanical response of composites during heat/fire exposure. The kinetic model requires mass loss profiles as a function of temperature, usually obtained by thermogravimetric curves and calculates Arrhenius parameters required as input data for the heat transfer model. The heat transfer model also requires temperature-dependent physical properties of the components, such as mass loss transfer, thermal conductivity, specific heat capacity, thermal expansion, and material density. This model predicts the temperature profile through the thickness of the laminate when exposed to an external heat flux, and these data require validation via experimental studies.
Since the flame-retarded composite laminates used here are not standard materials, a substantial amount of experiments were carried out including the determination of their thermal and flammability behaviors. Some of the experimental techniques used and results obtained are similar to those reported in our previous publications [7, 10, 12] for similar samples, but here these are repeated to show the effect of different experimental conditions and also for the derivation of new parameters. Temperature measurements through the thickness of the laminates while exposed to elevated temperatures were also taken. In addition, for macro-mechanical modeling, mechanical behavior of the resin and composite laminates at a range of temperatures is also required. In this part of the study the charring agent and melamine phosphate were added to the epoxy resin during the fabrication of glass fiber-reinforced composites at weight fractions and ratios that previously gave good fire retardancy results albeit for a different type of epoxy resin [12] . The thermo-mechanical response was investigated by exposing composite laminates to different heating environments, that is, convective heat at a low heating rate of 10 C/min at temperatures ranging from 50 C to 300 C or radiant heat in a cone calorimeter under an external heat flux of 50 kW/m 2 for different time periods (1040 s).
EXPERIMENTAL Sample Preparation

MATERIALS
A low-viscosity and room temperature-curing base epoxy resin containing 1,4-butanediol diglycidylether (Araldite LY5052), and a hardener based on modified cycloaliphatic amines (HY5052) (Huntsman, Inc.); woven roving E-glass (300 g/m 2 ) (Glasplies, UK); Visil, a cellulosic fiber containing polysilicic acid, in pulverized form (from initial length 40 mm, 3.5 dtex and diameter 17 mm) (Sateri Fibres, Finland) and an intumescent (Antiblaze NH) containing melamine phosphate (Rhodia Specialities Ltd., now Albemarle) K-type thermocouples of diameter 0.3 mm (Omega Engineering Inc., UK) have been used.
PREPARATION OF FIRE-RETARDED EPOXY CAST LAMINATES
Pre-determined mass fractions in the cumulative range 1020% (w/w) fire retardant additives were gradually added to the resin/hardener mixture, while stirring with a mechanical mixer under high shear (900 rpm). The resultant mixture was mechanically stirred for an extra 30 min at room temperature. The resin formulations were then poured into preformed dishes of dimensions 300 Â 300 mm 2 in pre-calculated volumes that would achieve the desired thickness of approximately 3.3 mm. The laminates were cured at room temperature for 24 h followed by post-cure at 100 C for 4 h. The percentages of various components in the cast laminates are given in Table 1 and the samples are identified as EP followed by the cumulative fire retardant additives (charring agent þ intumescent) percentage with respect to the resin weight.
PREPARATION OF FIBER-REINFORCED EPOXY COMPOSITES
Eight ply flame-retarded glass fiber-reinforced epoxy-based composites were fabricated via a wet lay-up method using woven roving E-glass fabric. The impregnated woven roving E-glass fabrics were stacked, vacuum bagged, and cured at 80 C for 8 h under a pressure of 1 bar. The mass fraction of the resin in all composites was approximately 50% (w/w) and the percentages of various components in the composites are given in Table 1 . The fabricated glass fiber-reinforced composites are identified as EP/F followed by the cumulative fire retardant additive (charring agent þ intumescent) percentage with respect to the weight of the resin.
Physical Property Measurement
The mass fraction of glass fibers in all epoxy-based composites is $50% (Table 1) . Assuming a glass fiber density of 2560 kg/m 3 from literature [14] and using measured densities of between 983 and 1167 kg/m 3 for cured resin matrices and further assuming that there are negligible voids in the composites, the corresponding fiber volume fractions varying from 28% to 32%, Table 1 , were determined. The values were calculated theoretically instead of traditional burn out method, as the presence of fire retardant and cellulosic fiber leaves char, which affects the final mass measurements.
Thermogravimetric Analysis and Differential Scanning Calorimetry
Thermogravimetric analysis (TGA) of cured resin systems (cast laminates) was performed on an SDT 2960 simultaneous DTATGA instrument from room temperature to 800 C using 15 AE 1 mg samples heated at a constant heating rate of 10 C/min in air flowing at 100 AE 5 mL/min. TGA experiments were also conducted for fiber-reinforced samples (cubic geometry) at a heating rate of 10 C/min in air/N 2 and at 200 C/min in air flowing at 100 AE 5 mL/min. The fiber-reinforced composites were carefully machined in order to have the same mass proportion of resin to glass fibers as in the bulk of the laminates. The experiments were performed in triplicates and showed good reproducibility. Average data is presented.
The heat of decomposition of the composites and specific heat capacity of both the composites and residual char were measured using differential scanning calorimetry (DSC) (Polymer Laboratories Ltd.) at 10 C/min in flowing N 2 (100 mL/min).
Thermal Conductivity
Thermal conductivity of composites and residual chars was measured using Lee's Disc method. Detailed explanations for this technique can be found in various physics textbooks, see for example reference [15] .
Flammability Tests
CONE CALORIMETRY MEASUREMENTS
Fiber-reinforced epoxy composite panels measuring 75 mm Â 75 mm Â nominal thickness (exact values given in Table 1 ) with/out fire retardant additives were fire tested using an FTT cone calorimeter in the horizontal mode with an ignition source at an applied heat flux of 50 kW/m 2 according to ISO 5660/ASTM E1354 standard. The limitation of samples led to the use of smaller plaques. However, the results are similar to cases were standard 100 mm square plaques have been used. Moreover, most results are discussed in comparative terms; hence the use of 75 mm square plaques may not be that much important in terms of compliance to ISO5660 standard. In general, results from cone calorimeter are considered to be reproducible to AE10% [16] for experiments run in triplicates.
TEMPERATURE MEASUREMENTS
In order to evaluate the thermal barrier properties of flame-retarded epoxy composites semi-quantitatively, K-type thermocouples placed on the exposed and unheated surfaces and embedded in three positions through the thickness of the glass-reinforced panels (co-cured with composites) were connected to a Recorder Õ data logger and the temperature profiles were recorded as a function of exposure time. The thermocouple ends were carefully positioned so as to be in alignment with the center of the radiant heater in order to increase the heat conduction efficiency.
Because of the inclusion of thermocouples and ceramic wool insulation, the specimens were further from the heat source than would be in normal cone calorimetry experiments. In theory, the total heat flux absorbed at the exposed surface, q 00 s,0 , is computed by considering losses due to reflective, radiative, and convective heat transfers and depends on the distance between the heater and the specimen [17] :
where h is the convective heat transfer co-efficient (W/m 2 K), T s the exposed surface temperature (K), T a the ambient temperature (K), T r the radiation source temperature (K), " r the radiation source emissivity, " m the emissivity of the exposed surface, m absorptivity of the test material, and the StefanBoltzmann constant.
Therefore, the further the specimen is from the radiant source, the lower the incident heat flux. Although the heat flux of the cone calorimeter was kept at 50 kW/m 2 , the presence of thermocouples and insulation on the edges of the specimens prevented the distance between the specimen and cone heater to be restricted to standard conditions (25 mm). The actual incident heat flux on the exposed surface was measured using a watercooled heat flux gage assuming the gage and the specimens have similar emissivity values. Selected representative data presented herein are an average of temperature measurements at an experimentally measured incident heat flux of 34 kW/m 2 for two specimens of each sample, which were found to be no more than 5 C of each other over the entire exposure period.
Mechanical Properties
DYNAMIC MECHANICAL THERMAL ANALYSIS
The glass transition temperatures (T g ) of the cured samples were determined using a dynamic mechanical thermal analyzer (DMTA) (Polymer Laboratories Ltd.). DMTA is used for the determination of visco-elastic properties by applying a controlled sinusoidal strain to a sample and measuring the resultant stress. Specimens of rectangular geometry; 48 mm Â 12 mm Â nominal thickness, were heated from room temperature to 250 C at a heating rate of 10 C/min under a fixed frequency load level of 10 Hz in air.
FLEXURAL MODULUS
The flexural modulus of glass fiber-reinforced specimens (120 mm Â 15 mm Â nominal thickness in millimeter) used in this study was measured in a three-point bending mode using a 100 N load cell Instron 3369 tensometer with a load and displacement control, at a cross-head speed of 1 mm/min. The flexural modulus, E f , was calculated using the Engineers' bending theory [18] , Equation (2) below:
where l is the test span, h the thickness, and b the width of the specimen. K is the specimen stiffness determined from the slope of the load vs. displacement curve. The maximum allowable displacement at the loading point was restricted to 3 mm in order that the specimens recovered completely to be used for heat damage experiments. A couple of virgin specimens for each sample were re-loaded under the same conditions and it was found that they completely recovered their original stiffness after the initial loading to a displacement of 3 mm.
CONVECTIVE HEAT DAMAGE
The effect of convective heat on the mechanical properties of fiber-reinforced composites has been observed by heating the specimens from ambient temperature to desired temperatures (50 C, 75 C, 100 C, 125 C, 150 C, 200 C, 250 C, and 300 C) at a heating rate of 10 C/min inside a resistance-controlled and fan-assisted furnace. Upon reaching a desired temperature and allowing for equilibration (120 s), the flexural modulus of the specimen was determined at that elevated temperature. In another set of experiments, upon reaching a desired temperature and letting the specimens equilibrate for 120 s, the specimens were quenched by quickly removing them from the furnace and rapidly cooling them to ambient temperature before their residual flexural modulus was determined. The calculated modulii after thermal exposure were compared to the room temperature values of the same specimens, in order to evaluate strength retention.
RADIATIVE HEAT DAMAGE
In another set of experiments, the effect of one-sided radiant heat on the mechanical properties of fiber-reinforced composites has been observed by exposing samples to an incident heat flux of 50 kW/m 2 in the cone calorimeter. Test coupons of geometric dimensions 120 mm Â 15 mm Â nominal thickness were partially heat damaged by exposing them to the radiant source (two replicates per sample) over different time periods (10, 20 , 30, and 40 s) after which they were cooled to ambient temperatures before their flexural modulii were determined. The flexural load was applied on the heat damaged surface, so that the damaged portion would bear the compressive strain. The obtained flexural modulus was then compared to the room temperature value of the same specimen.
RESULTS AND DISCUSSION
Thermogravimetric Analysis and Extraction of Kinetic Parameters
This section discusses the thermal analysis of cast resin laminates and the fiberreinforced composites under different atmospheres (air or nitrogen) and heating rates (low or high). It is important to characterize the thermal stability of the epoxy formulations in order to provide a means to extract kinetic parameters such as the activation energies, Arrhenius frequency factors, rates of decomposition, and, in some cases, the order of the decomposition reaction. These data are useful in developing thermal models that can predict temperature profiles through the thickness of laminates when exposed to a heat source which are the required input data into constitutive mechanical propertytemperature dependency models. Figure 1 (a)(d) shows the TG mass loss profiles for the cast resin laminates in an air atmosphere at a heating rate of 10 C/min. The thermal degradation of unmodified cured epoxy resin in air is characterized by four physical stages in the temperature region of 100700 C. The first, is a dehydration stage (100250 C) in which up to 2% mass loss is observed, the second and third stages (300500 C) showing 70% mass loss are attributed to the depolymerization of polymeric chains to form a primary carbonaceous char and finally a char oxidation stage (500700 C) contributing 28% mass loss leaving no residual char at 800 C [10, 12, 19] . The addition of flame retardant additives leads to a considerable reduction in the onset degradation temperature and a compromised thermal stability at temperatures below 450 C. However, at temperature above 450 C, a noticeable enhancement in thermal stability of the epoxy resin is observed with higher residual char yields recorded at temperatures above 550 C. These observations are not uncommon as we have reported previously in our study [10, 12, 19] .
As shown in Figure 1 (a)(d), TGA curves were measured at a heating rate of 10 C/min in both air and N 2 for fiber-reinforced composites. The presence of glass fiber reinforcement does not significantly alter the thermal degradation profiles of epoxy resin formulations. Theoretical mass loss profiles were calculated by linear summation of residual mass fractions of the resin matrix and the fiber reinforcement as obtained from their individual TGA profiles taking into account their constitutive ratios. Calculated mass loss profiles assuming no interaction between glass fibers and the polymer matrix are similar to the experimentally obtained data with the exception of EP/F-20, wherein the calculated profile slightly underestimates the actual depolymerization rate. These data are shown in Figure 2 (a)(c) for composites heated at 10 C/min in an oxidizing atmosphere. TGA curves obtained under an oxidative atmosphere (slow heating) show two-stage mass loss profiles, while those from an inert atmosphere show a one-stage decomposition pathway. The char yield at any given time during decomposition is higher under an oxidative atmosphere than under an inert atmosphere. These results suggest that epoxy resin formulations experience different degradation mechanisms under different heating conditions; they are prone to forming a protective char layer under an oxidative atmosphere, which subsequently may act as a physical barrier preventing further degradation of the underlying polymer matrix.
When a laminate is exposed to one-sided heating, the heatup rate (rate of temperature increase) through the thickness of the laminate is not uniform. The heating rate within the laminate decreases with the distance from the exposed surface and this has to be taken into consideration when developing a thermal model. TGA curves of the fiber-reinforced composites in air at different heating rates (10 and 200 C/min) are also shown in 
Figure 1(a)(d).
Resin decomposition shifts to higher temperatures with an increase in the heating rate and the two-stage degradation pathway observed at low heating rates evolves into a one-stage degradation pathway. These observations are better understood by looking at the TGA data given in Table 2 . While it is plausible to implicate mechanistic changes for the shift to higher degradation temperatures at higher heating rates, thermal inertia must also be considered as another possible cause for the observed phenomenon. Atmospheric and heating conditions are therefore crucial parameters for the development of a thermo-mechanical model that can be used to investigate the suitability of flame-retarded fiber-reinforced composites for high temperature service environments. The initial rate of temperature increase at the exposed surface of the composites for heat fluxes !15 kW/m 2 during one-sided radiant heat exposure is in the order of 100250 C/min under more or less an oxidative environment. Using established methods [19] , kinetic parameters (activation energy and Arrhenius frequency) were extracted from the 200 C/min heating rate TGA curves. However, raw kinetic parameters obtained through curve fitting means, cannot be used to draw inference on the thermal stability of the samples, since they do not have a physical meaning. A ratio of the activation energy to natural logarithm of the Arrhenius frequency factor (E a /ln(A)) otherwise known as the compensation factor can be used for this purpose, Table 2 . High thermal degradation activation energy values and low Arrhenius frequency factor values result in high compensation factors implying enhanced thermal stability. The compensation factors for EP/F-10, EP/F-15, and EP/F-20 are calculated to be 8645, 7569, and 8577, respectively, while that for the control, EP/F, is found to be 8029. Thus despite the compromised thermal stability of flame-retarded composites (EP/F-10 and EP/F-20) at low temperatures, overall they thermally degrade at a slower rate than does the composite containing the unmodified resin matrix, EP/F. This has been discussed in detail in our previous publications, where the TGA results of individual components of the composites and their calculated averages have shown that these additives reduce the thermal stability of resin up to about 370 C, and above 400 C they render them thermally Table 2 . TGA data and extracted kinetic parameters for cast epoxy resin laminates and glass fiber-reinforced epoxy composites.
Heating rate/ sample DTG (1st peak) DTG (2nd peak) T 10 , onset of thermal degradation in TGA; ÁT 10 , the difference between T 10 of fire-retarded composites and T 10 of the control; DTG, first derivative of the TGA masstemperature profile; peak position, the position of the peak maximum of the DTG curve; E a /ln(A), the compensation factor.
stable [6, 7] . The kinetic parameters will be extensively discussed and subsequently used in our future studies, wherein we seek to develop a thermalmechanical modeling that can be used to predict the failure times for composites under heat/fire or their residual mechanical strength.
Thermo-physical Properties
This section discusses the temperature-dependent thermo-physical data of the samples required for the heat transfer model. The temperature-dependent specific heat capacity of the virgin materials and the completely charred residual materials, shown in Figure 3 (a) were determined from differential scanning calorimetric (DSC) data using methods originally developed by Henderson and Wiebelt [20] . The heat of decomposition was calculated by integrating the area between the apparent specific heat of virgin material and the actual specific heat of the decomposing material. These values are given in Table 3 . It can be seen that the values are higher for flame-retarded samples than the control sample, suggesting higher thermal stability for the former.
The densities of cured virgin control and flame-retarded cast resin laminates varied between 983 and 1167 kg/m 3 . By calculating the densities of the composites and their residual chars and considering overall mass conversion fractions as functions of temperature from TGA curves at 200 C/min heating rate (Figure 1 ), the effective density as function of temperature could be plotted as shown in Figure 3(b) .
The glass transition temperatures (T g ) of the laminates were determined by DMTA and are given in Table 3 . The T g is an important material property with which the extent of cross-linking in polymeric matrices can be assessed. As the T g values of the flame-retarded laminates are the same as that of the control sample, this shows that the presence of flame retardants even at concentration as high as 20% does not affect the curing behavior of the epoxy resin. Thermal conductivities of composites were determined using Lee's Disc method. The overall mass conversion fractions as functions of temperature are used to estimate the effective thermal conductivity of composites at various stages of decomposition, Figure 3(c) .
Flammability of Fiber-reinforced Composites
The fire performance of the glass fiber-reinforced epoxy composites was determined using cone calorimetry in the horizontal mode. The flammability data, in particular time-to-ignition; mass loss and heat release rate as a function of time, is used for validation of heat transfer model (discussed in a subsequent article). The graphical results for heat release rates and mass loss are shown in Figure 4 (a) and (b) respectively, while the extracted numerical data are compared in Table 4 . Cone calorimetry results show that the time-to-ignition values for flame-retarded composites are inferior relative to the control sample. However, from the variation of HRR as function of time, Figure 4 (a), flame-retarded fiber-reinforced composites exhibit remarkably lower heat release rates (3054% reduction at peak values) over a slightly prolonged combustion time. These values are given in Table 4 . The reduction in the integrated area under the HRR vs. time curves for EP/F-15 and EP/F-20 leads to a noticeable reduction in the total heat release; 34% and 42% respectively. The effective heat of combustion (total heat release/total mass loss) values calculated for EP/F-15 and EP/F-20 are significantly lower than for the control while that for EP/F-10 is similar. The same phenomenon is observed for the fire growth index (FIGRA), a measure of fire safety once a material has been ignited, calculated from the ratio of the peak HRR value to the time it takes the sample to ignite.
The superior fire performance properties of the flame-retarded composites are due to their resin matrix composition, which releases lower mass fractions of combustible volatiles during decomposition as depicted in Figure 4(b) . The residual char yields for flameretarded composites are noticeably higher than for the control, EP/F, as expected from proposed flame retardancy mechanisms [912] . The presence of char above the pyrolysis zone retards the diffusion of combustible products, leading to the reduction in heat release rates. On the other hand, the release of water vapor and the sublimation of melamine act as heat sinks serving to reduce the depolymerization rate and hence the fuel supply rates, which effectively lead to reduced HRR values.
The authors also found out from cone experiments performed at different heat fluxes for the cast resin laminates that the heat of gasification, ÁH g , for flame-retarded epoxy resin formulations are higher than that for the control cast resin formulation. The heat of gasification of a material is defined as the amount of heat required to convert a unit mass of a solid into a unit mass of volatiles initially at standard temperature and pressure [21] . This quantity is useful in fire engineering, in order to estimate the rate at which materials burn under a given heat flux known as the mass flux. The lower heat of gasification for the virgin polymer formulation implies that it is relatively easier to volatilize when compared to the flame-retarded polymers, leading to high volumes of combustible matter from the former and hence higher flame intensities, as depicted by the heat release rates, Figure 4(a) .
The observed fire performance of fire-retarded composites under cone calorimetry conditions augments the observations made during TGA tests in which the thermal stability or char formation ability of the control sample at elevated temperatures was inferior to that of the former. TGA curves of flame-retarded composites are shifted to higher temperatures above 450 C and they degrade at a slower rate over a longer period with the evolution of a lesser amount of combustible volatiles. If the material propertytemperature dependency of the fiber-reinforced composites were solely dependent on the residual combustible mass fractions after heat exposure, the fire-retarded specimens would be expected to show improved mechanical strength retention.
Thermal Barrier Properties
In order to accurately measure the temperature profile through the thickness of the composite laminates to validate the heat transfer model and also to assess the thermal barrier effect expected of fire retardant additives in composites during radiant heat exposure in the absence of an ignition source, thermocouples were embedded during laminate fabrication. The thermocouples were equidistantly positioned at three locations through the composite thickness. Including the two thermocouples placed at the exposed and unheated surfaces, temperature measurements were made at a total of five spatial locations; three thermocouples were embedded into the composite structure. Representative temperature profiles at three locations through the thickness of selected composite laminates (control and EP/F-20) exposed to a netincident radiant heat flux of 34 kW/m 2 are shown in Figure 5 .
Temperature measurements recorded during heat exposure at the exposed surface show that the presence of fire retardants does significantly affect the thermal response of the laminates in the initial heating stages. Rapid temperature increments were observed for the control specimen in the initial stages of exposure relative to the fire-retarded specimen. After approximately 240 s, the exposed surface of the control specimen reached a temperature of 530 C leading to auto-ignition. A sudden jump in the measured temperature profiles through the thickness of the specimen ensued due to the heat release from the combustible volatiles, which acted as fuel. Over the same period of exposure, the temperature measurement at the exposed surface of the flame-retarded composite was 510 C, which is somewhat lower than that for the control. The fire-retarded specimen did not selfignite over the entire exposure time (10 min) despite reaching a maximum of 600 C on the Thermo-mechanical Responses of Fiber-reinforced Epoxy Composites exposed surface. The maximum exposed surface temperature recorded for the flaming control specimen was 770 C. It is interesting that despite the exposed surface of the flame-retarded composite surpassing the temperature at which the control auto-ignited (530 C), it still did not self-ignite. The fire-retarding mechanism of the additives used herein, prevents or slows down the rate at which volatiles are produced from the matrix. The slow evolution of the combustible volatiles from the fire-retarded specimens (TGA and cone calorimeter mass loss profiles) implies that it would be harder to accumulate enough fuel in the pyrolysis zone to trigger auto-ignition.
Thermocouples attached onto the unheated surface (reverse side to the one exposed to cone heater) recorded temperature values of 398 C and 360 C after 240 s for the control and EP/F-20, respectively. These data suggest that heat transfer through the thickness of the composites is slower for fire-retarded composites when compared to the control specimen. The envisaged formation of a physical insulative char barrier at the exposed surface following exposure of the fire-retarded composites to a radiant heat source means that heat transfer through the thickness of the specimen is slowed, and hence there is steep temperature gradient through the thickness. The retarded heat transfer through the fiberreinforced structure for fire-retarded composites would mean prolonged structural integrity retention in case of a fire. Previous studies in our laboratories on the retention of mechanical properties after exposure to radiant heat showed similar results [12] .
Mechanical Properties of Fiber-reinforced Composites
The mechanical behavior of composite structures such as stiffness, compressive, and tensile strengths after exposure at elevated temperatures can be modeled as a function of temperature as long as the dependence of the respective properties on temperature is known at material level. Following the acquisition or prediction of temperature profiles through the thickness of the laminate using a thermal model based on 1-D heat transfer, the residual stiffness or compressive strength of a composite structure can be evaluated at various locations along the thickness. Mechanical properties are expected to vary through the thickness due to different temperatures reached and the resin content remaining after thermal exposure. Integration techniques over the entire thickness of the specimen should allow for the determination of the residual bulk structural strength [14] . This section discusses the mechanical performance evaluation of resin and composites under different heating conditions.
DYNAMIC MECHANICAL THERMAL ANALYSIS
Dynamic mechanical thermal analysis was performed for fiber-reinforced composites at 10 C/min under a 10 Hz frequency sinusoidal load from ambient to 250 C in air. Since the storage modulus values at room temperature vary from sample to sample, it is difficult to evaluate whether their strengths degrade at the same rate. To be able to compare the degradation rate of storage modulus, all storage modulus values obtained at specific temperatures were divided by the room temperature value for each specimen to obtain percent modulus retention and are plotted in Figure 6 (a). It is clear that the presence of flame retardants does not have any significant effect on the degradation in elastic behavior of fiber-reinforced composites observed in the temperature range 100150 C. The rapid depletion in the storage modulus at temperatures above 100 C is attributed to thermal softening of the polymer matrix. Fire-retardant additives are known to be effective at temperature higher than 300 C; therefore the storage modulus would be expected to be insensitive to the chemical composition of the composites at these lower temperatures.
Feih et al. [14] have shown that a tanh function, Equation (3), can be fitted to the data trends/patterns shown in Figure 6 (a).
where E T is the normalized storage modulus at temperature T, E 0 the normalized room temperature storage modulus, E T,250 the normalized storage modulus at 250 C, a curvefitting function that describes the breath of the propertytemperature curves, and T 50% the temperature at which 50% of the room temperature strength is lost. A curve calculated using Equation (3) is also shown in Figure 6 (a) together with the fitting parameters and it shows an excellent agreement with the experimental data. It should be noted, however, that the tanh function was derived from phenomenological (curve fitting) observations hence the fitted parameters do not represent in any way the actual microscopic/physical aspects of the thermal softening processes. Despite the mentioned drawback, Equation (3) can be successfully employed on the same basis to predict the reduction in the mechanical properties of similar specimens exposed to different heating regimes.
The temperature dependency of the loss tangent (tan ) for the composites is shown in Figure 6 (b). Generally the tan temperature curves follow a Gaussian fit; a rapid quasiexponential increment up to a maxima is followed by a mirroring decay. The temperature position and peak maximum value of the loss tangent profile provide information about the structure and extent of curing of the polymer matrix especially the glass transition temperature. The glass transition temperatures for all the composites as determined by the peak position of the loss tangenttemperature profiles are between 129 C and 131 C and the height of the peaks are similar, suggesting that the presence of fire retardants does not affect the extent of curing in all epoxy resin formulations. These results are similar to those reported by Papargyris et al. [22] for the epoxy resin-based carbon-reinforced composites fabricated via resin transfer molding techniques using the same resin used for this study. The loss in storage modulus after 100 C is due to the resin chain a-relaxations, which reduce the stiffness of the specimens as the segmental motion sets in. Since the fire retardants do not affect the glass transition temperature of the resin, they also do not affect the loss in storage modulus of the resin.
CONVECTIVE HEAT DAMAGE Flexural Modulus at Elevated Temperature
The effect of convective heat on the flexural modulus of composites was investigated by heating the specimens in a resistance controllable and fan-assisted furnace from ambient to a specific temperature at a heating rate of 10 C/min. The information obtained from these data provides fundamental insights into the mechanical behavior of composite structural members when the structure is exposed to heat while under a static load. The flexural modulus of each specimen was determined at ambient temperature taking particular care not to induce excessive mechanical strain and also after it would have been raised to a particular temperature at the defined heating rate. The temperature dependencies of flexural modulus of epoxy resin matrix composites studied are shown in Figure 7 . The elevated temperature flexural modulus of the composites is normalized with respective to corresponding room temperature values which are 13.8, 12.0, 13.1, and 11.7 GPa for EP/F, EP/F-10, EP/F-15, and EP/F-20, respectively.
The flexural modulus of the composites gradually decreases at temperatures as low as 50 C with a rapid acceleration in the thermal softening happening between 100 C and 150 C and this is due to the reasons suggested in 'Dynamic Mechanical Thermal Analysis' section above. The experimental data were fitted to Equation (3) and the resultant fitting curve together with the fitting parameters is shown in Figure 7 . A value of 0.0503 is calculated, which is lower than that calculated for the DMTA data, 0.0739. Larger values represent a narrower depletion zone while the opposite is true for smaller values. This means that the degradation in modulus occurs over a wider temperature range when the specimens are heated in larger fan-assisted furnace than in a smaller DMTA oven, where the temperature lag between the heater and the specimens is expected to be minimal due to efficient convective heat transfer. The rate at which the composites Curve fitting via Equation (3) Figure 7 . Residual flexural modulus retention as measured at elevated temperatures for glass fiberreinforced epoxy composites in a fan-assisted furnace. The solid line in (a) is fitted data using Equation (3) . lose their mechanical stiffness is similar with the exception of EP/F-20 which shows a slight deviation in the temperature region between 50 C and 100 C. The similarities in the rate at which mechanical properties degrade in these composites suggest that the fire retardant additives do not affect the structural integrity of epoxy resin-based composites at temperatures below the decomposition temperatures of the cured resin formulations.
Residual Flexural Modulus of Quenched Specimens
The flexural modulus retention of the composites was determined after heating the coupons to a desired temperature followed by rapid cooling to ambient temperature. The specimens used were weighed before and after exposure to determine the extent of mass loss where it occurred. These values are important, as they provide the post-elevated temperature residual material properties, which are a required input into the thermalmechanical model of composite structures. The normalized flexural modulus retention obtained by dividing the modulus of the specimen after exposure, by the room temperature modulus value before exposure and the mass fraction of combustible matter are plotted against the temperature to which the specimens would have been exposed in Figure 8 of the residual flexural modulus on the retained mass of the composites, Equation (4), was used to produce the fitting data (solid lines) presented in Figure 8 (a)(d):
where E f(R,T)z is the normalized residual flexural modulus after exposure at temperature T, E f(0) the normalized room temperature flexural modulus, E f(R,550) , the normalized residual flexural modulus of a completely damaged specimen after exposure to a temperature of 550 C, a material fitting parameter, T the temperature at which the specimen was exposed, T k the exposure temperature for which specimens will lose 50% of their room temperature flexural modulus, R c,T the remaining mass fraction of combustible matter, and n the dependency of flexural modulus retention on mass loss.
For n ¼ 0, the flexural modulus does not depend in any way on the mass fraction of resin remaining while n ¼ 1 represents a directly proportional dependency. In this study, we have found out that the retention in flexural modulus is more or less directly dependent on the mass fraction of combustible matter present in the composite therefore n was set to 1. The modified tanh function captures the evolution of residual flexural modulus with exposure temperature quite effectively and provides a promising analytical tool with which one may be able to predict the time-to-failure of composites under load in fire. Also the established relationship can be used to generate the material property data required for a constitutive macro-mechanics model that will predict the mechanical performance of composites in fire. Further analysis, effectiveness, and implications of the established relationship will be dealt with in a subsequent follow-on publication [23] .
There is a very good correlation between the flexural modulus retention and the fraction of remaining combustible material remaining. All the composites are thermally stable at temperatures below 350 C. However, past the onset temperature of degradation, there is a rapid loss of combustible material. The control composite (EP/F) sharply loses mass at approximately 400 C and also its flexural modulus, Figure 8 (a). At 425 C and beyond, the mass fraction of EP/F remaining is 50% of the initial mass, which is attributed to the glass fiber mass fraction in the original virgin composite. Glass fibers are inert to thermal degradation at temperatures below 600 C with only a mere 2% mass loss registered from TGA experiments [24] . The flexural modulii of EP/F specimens exposed to temperatures beyond 425 C are reduced to zero as result of the complete thermal degradation of the polymer matrix.
Similar reductions in the flexural modulus of flame-retarded composites are observed in Figure 8(b)(d) . Unlike the sudden mass loss observed for EP/F at temperatures above 400 C, the fire-retarded composites do show a gradual thermal degradation process probably due to the presence of fire retardants, which may slow the rate of mass loss as seen from TGA and cone calorimetry experiments. While the addition of fire retardants may not significantly alter the thermo-mechanical response of the composites relative to the control in some cases, the improved fire performance as measured by cone calorimetry without adverse effects on the mechanical properties render the design and application of these composites in fire prone environments promising.
The dependence of residual flexural modulus retention on the fraction of combustible resin present during thermal exposure is clearly depicted in Figure 9 for all composites. There is a good linear correlation (R 2 ¼ 0.98; absolute slope value ¼ 0.98) between the extent of resin content conversion and the residual flexural modulus of the composites.
When composites are exposed to a heat source, they lose their flexural stiffness and mechanical strength primarily due to the depolymerization of the resin matrix. However, various other types of fire-induced damage, such as matrix cracks, delamination, or fiber strength degradation may result in loss of mechanical properties. Without considering matrix crack propagation, delamination, or fiber strength degradation, there seems to be an almost linear dependence of the flexural stiffness retention on the residual mass fraction indicating that the loss of resin content responsible for holding the fibers together is almost solely responsible for the depletion in residual flexural properties.
RADIANT THERMAL EXPOSURE
The effect of radiative heat on the mechanical property retention of the fiber-reinforced composites was investigated by exposing composite specimens for a known period under a constant heat flux in a cone calorimeter. Figure 10 shows the residual flexural modulus (E f(R) divided by E f(0) ), of the composites after exposure to a constant heat flux of 50 kW/m 2 under normal cone calorimetry operating conditions. For flexural tests of radiant heat damaged specimens, the compressive load was applied from the heat-exposed surface. It is observed that the residual flexural modulus of all the composites is dependent on the heat-exposure period. A 5% loss in the original flexural modulus of all composite is observed after exposure periods of up to 20 s. After 30 s exposure, all samples lose approximately 25% of their original flexural modulus with the exception of EP/F-20, which lost only 16%. When the samples are exposed for 40 s the control (EP/F) retains only 22% of its original flexural modulus, while EP/F-10, EP/F-15, and EP/F-20 retain 59%, 60%, and 67% of their original flexural stiffness, respectively.
The charring agent and melamine phosphate promote the formation of residual char exhibiting noticeable structurally integrity when added to epoxy-based resins via the mechanisms discussed above. Following exposure for prolonged times, the resin content in the control composite decreases at a faster rate than in fire-retarded composites. This would suggest that the binding strength of the resin matrix is preserved for longer times in fire-retarded composite than in the control leading to a rapid depletion in mechanical structure for the latter. The residual flexural modulus of the examined composites correlates very well with the residual resin weight content in the composite after heat exposure. Thus fire-retarded composites which burn at a lower rate, releasing less heat, and forming a protective char layer at the surface retain higher resin contents after heat exposure. This helps in structural consolidation; i.e. higher retentions observed in flexural modulus.
TGA and cone calorimetry data show that fire-retarded composites have better thermal stability and fire reaction properties, and this phenomenon is directly translated into superior mechanical performance after exposure to elevated temperatures from a radiant heat source. While the same effect is not quite realized for specimens exposed at elevated convective driven temperatures, the fact that the control specimen has an inferior fire performance and still performs similarly to fire-retarded composites under these conditions renders it less favorable than the latter for structural applications where fire or elevated temperature environments are a possibility.
CONCLUSIONS
Epoxy cast resin laminates and glass fiber-reinforced composites with fire retardant additives, charring agent, and intumescent, at cumulative loading weight fractions of 10% (1:1), 15% (1:1), and 20% (1:3) showed an improved thermal stability and fire performance from TGA and cone calorimetry results, respectively. The significantly improved fire performance of fire-retarded epoxy-based composites emanates from the enhanced char formation due to the presence of a char promoter and intumescent additive. The resultant highly consolidated char networks that are observed for fire-retarded composites are responsible for holding together the fiber reinforcements, thus significantly contributing to the residual mechanical properties of the fire or heat damaged composites. This study has shown that the composite laminates behave differently under different heating conditions. Under slow heating conditions, they soften at temperatures above the T g , losing most of their flexural stiffness at temperatures as low as 150 C. The post-heat flexural modulus of the fiber-reinforced composites decreased after convective heat exposure but no significant differences were noted between fire-retarded composites and the control.
Fire-retarded specimens retained threefold the normalized flexural stiffness observed for the control specimen when exposed to a 50 kW/m 2 radiant heat source for 40 s. When the laminate temperature increases rapidly to very high values as in the case of radiant heating, fire retardants become effective. Ensuing fire retardation mechanisms promote char formation, preventing rapid loss of the polymeric resin hence leading to a prolonged retention of mechanical properties of the laminate. Future studies will focus on the development of a predictive modeling tool that can be used to predict the temperature profiles through the thickness, the residual strength after radiant heat damage and the time-to-failure of loaded composite structures in fire.
